Introduction 54
Given the fact that water is one of the principal ingredients of cellular life (Daniel et al., 55 2004) , insights into the minimum water requirements of cells are imperative to understanding 56 the functionality of living-systems at every level (from biomacromolecule to biosphere), as 57 well as the origins of life, in an environmental context. The generally held opinion is that life 58 appeared independently on Earth and, possibly, elsewhere in the Solar System (Clancy et 59 al., 2005) ; though one other explanation for the presence of life on Earth is that it appeared 60 on another planet and was transported here in the form of prokaryotes or their ancestors (an 61 idea known as panspermia; Thomson, 1871) . Until recently, eukaryotic microbes have held 62 the record for life under water-constrained conditions, as some species are capable of cell 63 division down to a water activity (aw) 1 of 0.605 at high sugar concentrations (Pitt and 64
Christian, 1968; Williams and Hallsworth, 2009 ). Whereas such data have formed the basis 65 of international policy for planetary protection in relation to space-exploration missions (see 66 2 Planetary protection in relation to space missions aims to protect those planets where spacecraft are landed, as well as Earth, from accidental contamination with non-native life-forms (Kminek et al., 2010; 2014) . Mars Special Regions have been defined according to the activities of the NASA Mars Exploration Program Analysis Group (MEPAG), Special Regions-Scientific Analysis Group 1 (SR-SAG1) and the Committee on Space Research (COSPAR), which is part of the International Council for Science. Both these committees conservatively recommended 0.500 aw as the limit beyond which no known terrestrial microorganism is capable of multiplication; implying that any environment of Mars with a water activity of > 0.500 may potentially enable proliferation of xerophilic microbes if they happened to arrive as accidental passengers on spacecraft sent from Earth ( streams and deliquescent seepages, both of which are thought to deliver CaCl2 to the lake 138 (Dickson, 2013) . Its volume fluctuates but is typically 3000 m 3 (slightly larger than an 139
Olympic swimming pool), and it is amongst the most saline large-scale bodies of water 140 known on Earth. This pond rarely, if ever, freezes despite winter temperatures of ≤ - water, cannot efficiently absorb water from the vapour phase at equilibrium relative 196 humidities of less than 50%, equivalent to 0.500 aw (Fakes et al., 2000) . Whereas some 197 enzymes can remain catalytic at water activities of < 0.500 (Kurkal et al., 2005; Lopez et al., 198 2010), there is evidence that DNA becomes disordered, and is therefore no longer 199 transcribable, below a water activity of 0.550 (Falk et al., 1963) , 1979) . It has, therefore, long-201 been considered unlikely that cellular systems could function at water activities substantially 202 lower than 0.600 (e.g. Pitt, 1975; Brown, 1976; 1990; Sutton and Hildebrand, 1985 Earth, we tend to be most familiar with water in its bulk-liquid phase, in both terrestrial and 219 extraterrestrial environments, it can also be present in a variety of forms. In addition to ice 220 and vapour, these include thin aqueous films on/at various types of surfaces and interfaces, 221 or as molecules hydrating mineral, organic, and other substances (Kminek et unpublished). The depth of thin films can range from > 1 mm to a monolayer of water 234 molecules (~0.3 nm; Möhlmann, 2004; , and they can be stable (Möhlmann, 2012) or 235 highly ephemeral (Burkhardt and Hunsche, 2013 'greenhouse' effect (Möhlmann, 2011) . Process (2) is a particularly effective mechanism by 253 which liquid water can be generated on Earth and, almost certainly, in extraterrestrial 254 locations (Möhlmann, 2011) . The condensing water vapour can potentially reach the dry 255 weight of the deliquescent salt, and will exceed it if the humidity exceeds the deliquescence 256 relative humidity. Deliquescence of NaCl, as equilibrium relative humidity increases from 65 257 to 80%, can be observed in Movie S1. Most salts (and, indeed, many organic substances) 258 are hygroscopic and will attract water to their surface at equilibrium relative humidities of ≤ 259 100%. Each salt becomes deliquescent at a specific relative humidity, thereby dissolving as 260 the water vapour condenses. The deliquescence relative humidity for a given salt and its 261 (usually slight) temperature-dependence quantitatively correspond to both the water activity 262 values of, and equilibrium relative humidity values for, saturated solutions of a given salt 263 (Winston and Bates, 1960) . If the equilibrium relative humidity is higher than a salt's 264 deliquescence relative humidity, the water activity of the salt solution will equilibrate with the 265 relative humidity of the atmosphere, so the salt solution will become more dilute. Mixtures of 266 substances (e.g. mixtures of different salts or salts plus sugars) will have a deliquescence 267 relative humidity below that of each individual component (Mauer and Taylor, 2010) . In 268 addition to the reduced water activity, salts also reduce the freezing point, and cryobrines 269 may be stable far below the melting point of water, e.g. under Martian conditions (Möhlmann, 270 2011, Martínez and Renno, 2013) .
271
Within the Earth's biosphere, brine formation may play a role for diverse microbial 272 species -especially those that are halotolerant or halophilic -which are located within 273 bioaerosols, or on mineral or biological surfaces (e.g. leaf surfaces) and are exposed to 274 humid air (Potts, 1994) 1972; Lange et al., 1986; 1994) . However, there is a paucity of convincing data to irrefutably 300 affirm this hypothesis. Furthermore, systematic studies of water-activity limits for cell division 301 of phylogenetically diverse extremotolerant and extremophilic microbes suggest that cell 302 division would be implausible at values much below 0.600 aw (i.e. 60% equilibrium relative 303 humidity) (Pitt and Christian, 1968; Brown, 1976 , unpublished) . This question is equally pertinent to life on Earth, and the 305 aqueous milieu found elsewhere in the Solar System (not least in relation to planetary 306 protection; see above). 307
308
Implications for the evolution of microbial life on Earth 309
310
The most solute-tolerant Bacteria and Archaea (i.e. extreme, obligate halophiles) are only 311 able to grow at their water-activity minima under hypersaline conditions. Some of these 312 organisms thrive under conditions which resemble those that would have been available on 313 the early Earth; indeed, many of the extreme halophiles thus far studied exhibit their water-314 activity minimum for cell division at elevated temperatures (Robinson et al., 2005) . There is 315 some debate regarding the temperature of the early seas; earlier estimates of 70-80°C 316 biofilm, formed on sediments deposited in shallow waters that were partially exposed to air, 337 are interlayered with tiny evaporate crystals (microns in size and including aragonite, 338 gypsum, halite and magnesium calcite; Figure 2 ). Evaporitic precipitates have been 339 described from other formations on the early Earth, including the 3.42 billion-year-old Buck 340
Reef Chert in Barberton (Lowe and Fisher-Worrell, 1999 ) and the 3.43 billion-year-old 341 Strelley Pool Chert of the Pilbara in Australia (Allwood et al., 2007) . The early terrestrial 342 phototrophs were quite advanced on the evolutionary scale compared to chemotrophs. 343
Although, to date, no direct association of chemotrophic biosignatures with the early 344 evaporitic deposits has been identified, these more primitive organisms were nevertheless 345 also common (Westall, 2012; Westall et al., 2013) Planets which are neither too close to nor too far from a star and could, theoretically 439 at least, accommodate active biological systems are said to be in the Circumstellar Habitable 440
Zone or Goldilocks Zone of their respective solar system (Strughold, 1953) . This designation 441 is based on criteria, such as size of the planet and its absolute distance from the star it 442 orbits, whether illuminosity could permit photosynthesis, having surface temperatures which 443 are biologically permissive for at least some of the time (variously defined as 0 to 100°C, or - Although the Earth is located within the region allocated as the Goldilocks Zone of our 501 own Solar System, it hosts many environments which do not permit life process and are 502 therefore essentially sterile due to, for example, low water activity, high chaotropicity, 503 excessively high or low temperatures, pH of > 12, plus combinations of conditions such as 504 high salt and low pH or high temperature and high pH (e.g. Brown, 1990 ; Hallsworth, 1998; 505 second, for example to days or longer. The majority of stress-biology studies which quantify 534 water activity do so to either one or two decimal places. We propose here that water activity 535 ought to be determined to an accuracy of three decimal places (Winston and Bates, 1960 ; 536 Commercially available apparatus for water-activity determination are associated with a net 541 9 The propagules/cells of many microbes are highly resilient to exposure to extremes of temperature, uv, pH, chaotropicity, desiccation and other stresses (e.g. Wyatt the fact that water-activity determinations to one decimal place (equivalent, in this example, 567 to 29°C) can lack biological meaning, and those made to two decima l places (equivalent to 568 an accuracy level of up to 2.9°C) are far less accurate than we w ould accept for biological 569 studies of temperature or other environmental parameters. In relation to microbial 570 multiplication on Earth, the water-activity and temperature windows for life span 0.400 aw-571 units and 140°C, respectively (Fig. 1) . In the context of stress b iology, and at the scale of the 572 biosphere, the expression of water activity to decimal place leads to an unacceptable level of 573 accuracy, as 0.100 aw units equates to a temperature of 35°C. Even water-activity 574 determinations to three decimal places (equivalent to an accuracy level of 0.3°C) are 575 imposed by technological limitations rather than being dictated by the sensitivity level of the 576
cell. 577
It remains unclear whether microorganisms are capable of subsistence without an 578 extracellular supply of liquid water, and the biological availability of water in various types of 579 aqueous film has also yet to be quantified. Cells may be able to acquire and retain water (de 580 Goffau et al., 2011) which can be utilized when water activity falls below biologically 581 permissive levels (for instance, see the studies of powdery mildew cited above) but there is 582 In some low water-activity habitats, it 598 may be that active cells can be located in otherwise biologically non-permissive zones, and 599 pockets of sterility exist within otherwise inhabited zones. Furthermore, in some locations 600 microbes may be inactive for most of the time and yet functional for short periods. It has yet 601 to be determined, for example, whether slow cell divisions (over 100s or 1000s years) can 602 occur in microbial communities which may subsist in nature at water activities below the 603 known 0.605 aw limit. In relation the water-activity limits for microbial life, we know much 604 about the outer edges of Earth's biosphere yet, in the relation to the in situ conditions of 605 microbial habitats, we still know relatively little. 606 607 
